The energy levels of the different charge states of an oxygen vacancy and titanium interstitial in rutile TiO 2 were calculated using the screened exchange (sX) hybrid functional [1] . The sX method gives 3.1 eV for the band gap of rutile TiO 2 , which is close to the experimental value. We report the defect formation energy of the oxygen deficient structure. It is found that the defect formation energies, for the neutral charge state, of oxygen vacancy and titanium interstitial are quite similar, 2.40 eV and 2.45 eV respectively, for an oxygen chemical potential of the O-poor condition. The similar size of these two calculated energies indicates that both are a cause of oxygen deficiency, as observed experimentally [2] . The transition energy level of oxygen vacancy lies within the band gap, corresponding to the electrons located at adjacent titanium sites. The sX method gives a correct description of the localization of defect charge densities, which is not the case for GGA [3] [4] [5] [6] .
INTRODUCTION
Titanium dioxide (TiO 2 ) is a widely used material ranging from a substance used in solar cells, photocatalysts and nano-scale electronic devices. It has received a great deal of attention because it possesses many useful properties, such as high dielectric constant, good chemical stability, low cost and high refractive index [7] . Understanding the electronic and structural properties of the bulk and defective structures of TiO 2 is essential to improve the practical applications.
There are three different polymorphs of TiO2 in nature: rutile, anatase, and brookite. Out of the three phases, the rutile is the most abundant naturally occurring phase and is the stable state under atmospheric conditions [3] , hence it has been chosen as the major subject of this work. First-principles calculations provide the methods that can be used to simulate a wide range of material properties. For many years, the local-density approximation (LDA) and generalized gradient approximations (GGA) within density functional theory (DFT) provided an efficient method for such calculations in solids, giving both lattice constants and bulk moduli with reasonable accuracy [1] . However, even though LDA and GGA gives acceptable crystal structures and ground state properties, it has the well-known band gap errors [8] [9] [10] [11] . A more accurate description of the electronic structures is required. In this paper, we use a non-local exchange-correlation functional, the screened exchanged (sX) method [12] , in order to correct the size of band gap and to improve the computational accuracy for TiO2.
METHOD
The sX method is based on the Hartree-Fock method for the exchange potential energy that is separated into two terms. One term is Thomas-Fermi screened-exchange potential, and the other is the remainder. The remainder and correlation potential energy can be calculated by the LDA, while the Thomas-Fermi screened-exchange potential can be evaluated from: (1) In Equation (1), is the non-local screened-exchange potential energy, are the Kohn-Sham orbitals, and is the Thomas-Fermi screening wave vector. The exchangecorrelation hole can be calculated in an accurate way by using the Thomas-Fermi screening of the Hatree-Fock exchange potential energy, so it is consequently become non-localized electrons system compare with the LDA. Moreover, sX modified the non-existing discontinuity errors of exchange-correlation potential from LDA. Thus, the sX method improves the simulation accuracy for the value of energy band gap and has been found to give good results for some semiconductors and insulators.
In this work, we constructed a 2x2x2 supercell of 48 atoms of rutile TiO 2 , containing a single oxygen vacancy or titanium interstitial. The oxygen vacancy is created by taking out one oxygen atom from the supercell; and similarly, an extra titanium atom is placed into the supercell to form the titanium interstitial model. The defect structures are relaxed in their various charge states by sX functional using the standard norm-conserving pseudopotentials, and the energy levels and density of states are then obtained through the optimized structures. Cut-off energy 750 eV was used which was decided by the energy convergence test. For the k-point integration, we specified at Γ point. A Γ k-point selection indicates that the calculation is doing at a single kpoint (0,0,0) in the Brillouin zone. 
RESULTS
The band structure calculated by sX is shown in Figure 3 , and Table 1 compares the calculated band gaps of rutile TiO 2 between sX, GGA and the experiment value. It can be seen that the band gap improves significantly from 1.86 eV in GGA to 3.1 eV in sX. The sX gap is close to experiment now. It is often thought that the band gap error is about 30%. This is true for Si, but for some oxides such as TCOs the error can be closer to 70-80% [13] . For rutile TiO 2 , the gap opens up by 40% from GGA to sX in our calculations. [14] . There is no gap state for V O 2+ , because the excess electrons at the vacancy site would be neutralized by the doubly positive charge. The sX method gives a correct description of the localization of defect charge densities, which is not the case for the GGA [3] [4] [5] [6] . 
In the case of titanium interstitial, the DOS of Ti i 0 is given in Figure 6 . Figure 6 . DOS of Ti interstitial neutral state (Ti i 0 ) for rutile TiO 2 using the sX method. Figure 7 shows the oxygen vacancy and titanium interstitial formation energy as a function of Fermi energy. In this figure, the red lines represent the oxygen vacancy and the black lines are the titanium interstitial which were both calculated by the sX method. It is found that the defect formation energies, for the neutral charge state, of oxygen vacancy and titanium interstitial are quite similar, 2.40 eV and 2.45 eV respectively, for an oxygen chemical potential in the O-poor condition. The similar size of these two calculated energies indicates that both are a cause of oxygen deficiency. The transition energy of the oxygen vacancy lies within the band gap, corresponds to the electrons trapped at adjacent titanium sites. 
CONCLUSIONS
This study presents an accurate band gap 3.1 eV for rutile TiO 2 by the sX exchangecorrelation functional in DFT. The oxygen vacancy and titanium interstitial both create defect levels inside the band gap, and they are both a cause of oxygen deficiency according to their similar formation energy levels. [1] . However, their universal use is restricted to ultraviolent light ( < 385 nm) due to the wide band gap of titania (~3.2 eV for anatase). Further, photoexcited electron-hole pairs tend to recombine relatively easily in TiO 2 . It is highly desirable to extend the optical absorption of TiO 2 -based materials to the visible-light region with the minimum of photogenerated electron-hole recombination.
In general, doping is one of the most effective approaches to extend the absorption edge to the visible-light range. For instance, N-doped TiO 2 is considered to be a promising photocatalyst, and it has been investigated widely, both experimentally and theoretically [2] . However, due to strongly localized N 2p states at the top of valence band [3] , the photocatalytic efficiency of Ndoped TiO 2 decreases because isolated empty states trap an appreciable proportion of photoexcited electrons and reduce photo-generated current [4] . Besides N-doped TiO 2 , C-doped TiO 2 also shows photocatalytic activity under visible-light [5] .Conversely, transition metal doping can also promote photocatalytic efficiency, but this is hindered by the presence of carrier recombination centers and the formation of strongly localized d states in the band gap, which serves to reduce carrier mobility substantially [6] . Recently, Gai et al. [7] proposed using a passivated codoping approach, consisting of nonmetal and metal elements, to extend the TiO 2 absorption edge into the visible light range. Because defect bands are passivated, it is highly likely that they will be less effective as carrier recombination centers [8] . Recent experiments have reported that the addition of W to N-doped TiO 2 can increase photocatalytic activity under visible-light irradiation significantly [9, 10] anatase suggest that a continuum band is formed at the top of the valence band, and that W 5d orbitals locate below Ti 3d states at the bottom of conduction band, which narrows significantly the band gap and enhances visible light absorption [11] .
THEORY
Spin-polarized DFT calculations were performed using the projector augmented wave (PAW) pseudopotentials as implemented in the Vienna ab initio Simulation Package (VASP) code [12, 13] . The Perdew and Wang parameterization [14] of the generalized gradient approximation (GGA) [15] was adopted for exchange-correlation. The electron wave function was expanded in plane waves up to a cutoff energy of 400 eV and a Monkhorst-Pack k-point mesh [16] of 4 × 4 × 4 was used for geometry optimization [17, 18] and electronic property calculations. Both the atomic positions and cell parameters were optimized until residual forces were below 0.01 eV/Å. It is well known that GGA underestimates the band gap of TiO 2 significantly (2.0 eV vs. anatase 3.2 eV experimental value). Here, we include the on-site Coulomb correction for the Ti 3d states, the GGA + U method [19] , which can improve the prediction of the band gap. Here, U = 5.3 eV for Ti, which is in agreement with the optimal value (5.5±0.5eV) [20, 21] ; using this, the calculated band gap of pure anatase was 3.11 eV, agreeing well with the experimental value of 3.20 eV. A variety of U values (1.0, 2.0, 3.0, and 4.0 eV) were applied to the dopants. The calculated results for U=1.0 and 2.0 eV gave a qualitatively wrong metallic ground state as in the standard GGA calculations for W, and Os, and the once the U value was increased to 3.0 eV, the behavior of W-and Os-doped TiO 2 exhibited appropriate semiconductor characteristics. For Re-doped TiO 2 , the band gap is not particularly dependent on the U value. Therefore, a moderate value of U = 3.0 eV has been applied to TM 5d states, similar to V-doped TiO 2 [22] .
A relaxed (2 × 2 × 1) 48-atom anatase supercell was used to construct doped systems. Single O and Ti atoms were replaced by single X (N, C) and TM (W, Re, Os) atoms, respectively. The codoped systems were created by simultaneous substitution of an O atom by an X (N, C) atom and a Ti atom by a TM (W, Re, Os) atom. In principle, the three 5d transition metal elements W, Re and Os served as n-type dopants and non-metal elements N, C as p-type dopants. It was found that formation of adjacent metal-nonmetal element pairs is more energetically favorable with respect to other configurations. For clarity, we have listed the total energies differences between X-TM nearest-neighbor (1nn), the second nearest-neighbor (2nn) and largest-distance (Lnn, one dopant in the center of the supercell with the other in a corner) doped systems in Table 1 . Here we set the 1nn total energies as zero eV. We will select the lowest-energy structures to examine their electronic properties. 
